Halide perovskites have indisputably exceptional optical and electronic properties, which are attractive for next-generation optoelectronic device technologies. We report on a reversible photoluminescence (PL) peak in iodide-based organic-inorganic lead halide perovskite materials under a two-photon absorption (TPA) process, while tuning the excitation wavelength. This phenomenon occurs when the incoming femtosecond (fs) laser photon energy is higher than a threshold energy. Intriguingly, this phenomenon also occurs in other kinds of iodide perovskite materials. Moreover, two more shorter wavelength peaks exhibit and become prominent when the excitation photon energy is being tuned in the high energy wavelength spectrum, while laser power is remained constant. However, the spectral PL energy window between the original material peak and the first high energy peak can vary based on the optoelectronic properties of the prepared films. The same phenomenon of reversible PL peak is also observed in various iodide based organic-inorganic halides as well as all-inorganic perovskite single crystals and polycrystals. We attribute to the reversible PL peak to the photoinduced structural deformation and the associated change in optical bandgap of iodide perovskites under the femtosecond laser excitation. Our findings will introduce a new degree of freedom in future research as well as adding new functionalities to optoelectronic applications in these emerging perovskite materials.
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Recently, perovskites have drawn substantial research interest in optical gain media of light emitting devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] owing to their excellent optoelectronic characteristics [1, [16] [17] , after making an unprecedented success story in solar cells [28] [29] [30] [31] [32] [33] . Researchers in the past decades have studied the lasing properties in different types of organic-inorganic and all-inorganic lead halide perovskites, such as perovskite films [6, 7] , nanowires [2, [8] [9] [10] , micro/nanoplatelets [11] [12] [13] 23] , and quantum dots [6, 14, 15, 26] [3] . The halide atoms are located in eight-sided (octahedra) structures, while the divalent anions of lead or tin atoms sit inside the octahedra and the organic/inorganic anions take the position between octahedra. So far, the outstanding perovskite optoelectronic devices are mainly observed in iodide-based hybrid halide perovskites.
However, the presence of the iodine element in the halide perovskites creates degradation and instability problems under illumination [34] [35] [36] . Nevertheless, the light exposure on the iodide perovskites might also have some positive impacts. For example, Wu et al. reported that the iodine atoms are rotated around the lead atom under the photoexcitation, leading to switch of each octahedron structure from regular shape to a distorted shape (see Fig. 4 (a)) [37] . This fs laser-induced distorted structure could facilitate an enhanced migration of charge carriers through defects and prevent them from being trapped, allowing to obtain higher energy conversion efficiency in perovskite solar cells [37] . Moreover, laser-induced surface relaxation/derelaxation pronouncing a reversible spectral evolution and PL redshift/blueshift as a function of continuous wave (CW) laser annealing is recently demonstrated in iodide-based 2D Ruddlesden-Popper perovskites (RPP) [38] . However, the fs optical pumped laser maintains a relatively much broader optical spectral bandwidth with higher laser intensity in comparison with the CW laser, allowing to demonstrate a variety of novel and exciting effects mainly due to the laser-induced ultrafast structural changes. Such photoinduced non-thermal structural transformation is demonstrated in two-dimensional (2D) layered materials, where diamond/graphite can be changed to graphite/graphene under fs laser pulse excitations [35] .
Besides, an anomalous blueshift with a reversible structural change dynamic is observed in [Ge2Te2/Sb2Te3]20 materials under a strong double-pulse excitation along with employing the fs laser source [39] . Furthermore, an analysis based on DFT calculation of the structural deformed CH3NH3PbI3 perovskites' electronic properties confirms that the iodine elements in the network of Pb-I-Pb are chemically unstable due to the difference in bond lengths of one Pb-I to another Pb-I framework [40] . This may cause to the possible structural deformation under ultrafast photoexcitation. Despite obtaining such findings, some of the fundamental working mechanisms and phenomena responsible for the exciting and unique performances, particularly, in iodide perovskite devices are not completely understood [10, 18, 41, 42] . This intrigues us to further study on the iodide-based perovskites under the photoexcitation using fs laser.
In this work, two-photon photoluminescence (TPL) spectroscopy on different kinds of perovskite materials is conducted to study their two-photon absorption (TPA) processes. The investigation is carried out for both organic-inorganic and all-inorganic polycrystalline thin films, and single crystal nanostructures of random shapes (rectangular-like, square-like, triangular, etc.) including low-dimensional lyered crystals of nanowires. We report on a phenomenon of excitation wavelength-dependent fully reversible PL peak in iodide-based hybrid perovskite materials under a TPA absorption process, where a fs laser is utilized as a photoexcitation source. In the first part of this research, a systematic fs laser study is carried out on the most commonlystudied methylammonium lead iodide (CH3NH3PbI3 / MAPbI3) perovskite, where a TPA pumped lasing is used for the investigation. The MAPbI3 perovskite thin film was synthesized by a two-step solution-processed method [40, 41] , where PbI2 and CH3NH3I (MAI) were used as precursors. The scanning electron microscopic (SEM; JEOL, JEM-2100F) image revealed an average grain size over a micron scale ( Fig. S1 (a) inset). X-ray diffraction (XRD; Rigaku SmartLab) pattern ( Fig. S1(a) ) confirmed that the MAPbI3 film is polycrystalline with a good crystalline quality. The PL measurements were performed on MAPbI3 film/FTO configuration while tuning the fs laser wavelength from 700 nm to 900 nm at room temperature. The PL and optical image measurements were conducted by a laser scanning multiphoton (MP) confocal microscope system (TCS SP8, Leica) combined with a Ti: sapphire fs laser (Mai Tai HP, Spectra-Physics) excitation. The laser pulse repetition rate and the time duration were 80 MHz and 500 fs, respectively, while the spectrometer was 5 nm. An integrated hybrid detector of the laser scanning confocal microscope system was utilized to detect the nonlinear emission signal.
PL spectra emitted from the MAPbI3 film is also included in the supplementary Fig. S1 (b), while the pumping laser power is varied from 0.1 mW to 14.0 mW. The inset Fig. S1(b) demonstrates the evolution from a spontaneous emission to lasing behavior over the complete spectral range as a function of pumping power. conducted here focusing on the first high energy peak (640 nm), since this PL peak can be pronounced in other kinds of perovskite materials as well, which is described in the later part of this manuscript. In this case, when the MAPbI3 films are illuminated by the irradiation wavelengths, the two peaks exhibited at 710 nm and ~640 nm are separated with a spectral energy window of EPL~ 0.2 eV ((ΔPL=70 nm). The exhibition of these two peaks with a certain spectral energy window is also reversible with the excitation of wavelength. In fact, the spectral PL energy window between the original material peak and the first high energy peak can vary based on the optoelectronic properties of the prepared films, which will be again discussed in the following. This phenomenon always occurs when the incoming fs laser photon energy is higher than a fixed threshold energy.
It is assumed that energy bands are relaxed/derelaxed under certain excitation energy and hence the lowest vibrational level of conduction bands and/or highest vibrational level of valance bands are splitted and/or shifted when the photoexcitation energy is tuned around a threshold level. As the perovskite film is excited by a photon energy of TPA excitation wavelength, the PL center as usually relaxes from the maximum level of conduction energy band to the lowest vibrational level of the band and emits excess energy to the surroundings by returning to the ground energy. The further photoexcitation with relatively higher energy or shorter TPA excitation wavelength may create structural changes in the material [35, 37, 39 ]. Consequently, the lowest level of the vibrational conduction bands (CB) or highest level of the valance bands (VB) can be splitted and then energy states can be shifted up (CB) or down (VB), resulting in photoemission with relatively higher energy along with the original emission. Intriguingly, the previous state can be reversed back if the sample is subjected to the relatively lower energy excitation wavelength (e.g. 900 nm). In other words, a fully reversible energy emission process can be entirely controlled by the incident two-photon energy from the fs laser. eV, 0.07 eV, and 0.17 eV, respectively as depicted in Fig. 2 (a, b, c, d , e) and tabulated in Table   1 . Furthermore, PL study is conducted for several micro-platelet structures of all-inorganic singlecrystal perovskite alloys with different shapes to observe whether the phenomenon is limited to certain structures. To do so, two-dimensional PL spectroscopy intensity mapping was utilized to determine and select the individual micro-platelet structure of CsPbBr0.08I0.92 perovskite alloy. Then, the photoluminescence spectroscopy analysis is performed on the particular singlecrystal micro-platelet, while the TPA wavelength is tuned between 800 nm and 900 nm. Figure   3 (b) displays the PL images of several structures with triangular (2), square-like (3), and rectangle-like (4) shaped micro-platelet, while 3(c) presents the corresponding PL spectra exhibiting the same reversible PL peaks behavior between 700 nm (1.77 eV) and 645 nm (1.92 eV) for the TPA excitation wavelengths of 900 nm and 800 nm, respectively. Similar spectral evolution can be observed for CsPbBr0.15I0.85 iodide single-crystal perovskite alloy, whereas the CsPbBr0.4Cl0.6 non-iodide perovskite alloy does not show the same (see Fig. S3 .). Note that a bare space (1) without any microplatelet deposited shows no PL emission (Fig. 3(c) purple spectrum), confirming that the PL is, in fact, originating from the structure but not from the substrate.
Figure 4| Photoinduced structural change in perovskites. a, Schematic diagram illustrating the commonly studied thermal phase change (bottom) and photoinduced non-thermal structural change under the femtosecond laser excitation. The perovskite structure shown in the inset (bottom) can be structurally deformed as presented on the top inset figure due to the rotation of the iodine element around the lead [37]. (b, c), two-dimensional photoluminescence intensity mapping of MAPbI3 single crystal nanowire under the TPA excitation laser beam of (b) 800 nm and (c) 900 nm. (d, e), the corresponding scanning PL peak at (d) 645 nm and (e)715 nm, respectively.
We propose that the excitation wavelength-dependent reversible spectral evolution of PL peak and the reversible exhibition of low and high energy prominent peaks are attributed to the nonthermal photoinduced interim structural change in the iodide perovskites, in which the laserinduced rotation of iodine element plays an important role of deforming the perovskite structure and modulating the corresponding optical properties. In general, perovskites can exhibit several phases with different crystal structures and optoelectronic properties at different temperature [43] [44] [45] . For example, a tetragonal perovskite phase structure can be changed to a cubic structure along with the reaction coordinate by employing temperature effect as shown in Fig.   4 (a) (bottom, left to right), where the potential energy surface is assumed to be the same [46] .
However, as previously mentioned, fs laser light pulse can also cause a huge deformation in the bonding of iodine and lead atoms in perovskite within only ten trillionths of a second [37] , while both the reaction coordinate and potential energy surface can be changed [46] . Moreover, A. Kumari et al. [47] and Wang et al. [40] reported that different emission energy could result from perovskites with different bond distances and connectivity in the network of infinitely extended lead-halide octahedra structures. At first, to confirm whether the energy excitation wavelength-dependent such phenomenon is articulated only from the lead-iodide but not being an inherent optical property of perovskite, lead-iodide (PbI2) film was measured by the tunable fs laser source as depicted in Fig. 3(a) . Only an emission peak at 515 nm is observed with no excitation wavelength dependent reversible PL or pronouncing multiple PL peaks for the higher energy laser excitation in PbI2 film. Similar behavior was also measured in tin-iodide (SnI2) results provided in the supplementary Fig. S4 . These results reveal the possible contribution of iodine element in an infinitely extended Pb-I-Pb/Sn-I-Sn framework only, when it comes along with the perovskites. This is because that the charge anisotropy of organic/inorganic cation (organic: CH3NH3 + (MA + ) or NH2CH3NH2 + (FA + ), inorganic: Cs) facilitates the rotation of iodine within the cuboctahedral lattice cavities of anharmonic double-well (see Fig. 4(a) ) halide-perovskite [48] .
In the next step, a two-dimensional (2D) photoluminescence intensity mapping is performed to directly observe the image of the illuminated samples while tuning the fs laser wavelengths between 750 nm and 900 nm. During the experiment, a focused laser beam continuously scans over the sample, where the spot size of the laser beam and the scanning area was ~1-2 m and >400 nm, respectively, resulting in scanning images and emission intensity profile in grayscale.
The spectra acquisition, emission intensity evolution, and all other subsequent analysis are based on the obtained false-color images. It should be noted here that high precision is required in focusing the sample and adjusting the optimal laser intensity simultaneously to monitor such images, especially for the polycrystalline film type perovskites prepared by solution-processed method (see Fig.1 (c,d) believe that it should be related to the laser-induced structural distortion. Note that the fs laserinduced PL phenomenon is caused by non-equilibrium phase transition under intense ultra-fast laser illumination and the abrupt jump requires an energy sufficient to overcome an activation barrier to go from one metastable state for exhibiting high energy PL peaks under higher excitation energy.
In summary, a phenomenon of reversible PL peak was experimentally observed in iodide-based perovskites, while the samples were excited by a femtosecond laser with TPA energy higher than a threshold energy. This photoinduced energy may be enough to initiate the rotation of the iodine element around the Pb/Sn, resulting in the distortion in the perovskite structures.
Moreover, a relatively high energy peak was also exhibited under a relatively shorter/higher excitation wavelength/energy. Interestingly, this process was also observed as reversible with the excitation wavelength. In addition, this intrinsic property can be realized in all the perovskites regardless of organic-inorganic and all-inorganic lead-or lead-free, but only for perovskite with iodine as one of the halide elements. Moreover, the synthesis method and the microstructure of the perovskites do not affect such reversible PL peak. We believe that our finding of non-thermal and non-equilibrium ultrafast phase transition in all kinds of iodide perovskites coupled with femtosecond two-photon absorption process or multiple terahertz light-pulse sequences will provide relevant fundamental insights for perovskite materials based ultrafast optical data processing and for the next generation of ultra-high-speed phase-change random access memory (PCRAM). In addition, this tunable and reversible optoelectronic properties of perovskites might facilitate research related to tunable laser and light emitting diodes, fast transport of carriers, interface engineering, and degradation measurement of solar cells for improving the energy conversion efficiency.
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Materials and Methods:
Unless otherwise stated, all materials were purchased from Sigma-Aldrich or Alfa Aesar and used as received.
Perovskites thin-film growth:
MAPbI3 Film:
The CH3NH3PbI3 perovskite film is prepared using two-step method [S1 
FAxMA1-xPbI3 film:
The NH2CH=NH2PbI3 perovskite film is prepared using two-step method [S1 
Perovskite Alloy:
Sapphire (Al2O3) was used as the substrates to grow the halide alloy. Before growth, the sapphire was cut into small pieces of 2 x 1 cm size and cleaned ultrasonically by turns in acetone, ethanol and deionized water for 10 min each in an ultrasonic bath and a nitrogen drier was used to dry the substrates. The perovskite alloy microplatelets were grown by a vapor phase approach using a home-built CVD system consisting of a horizontal furnace equipped with a quartz tube which hence connected to a carrier gas inlet and a pump down system. A boron nitride boat loaded with mixed powders of PbBr2 and CsBr was used as the source of precursor materials during the growth of CsPbBr3 alloy platelets and PbI2 and CsI played the same role during the CVD synthesis of the quaternary CsPbBr3(1-x) I3x alloy platelets. Initially, the precursor loaded boat was placed at the center of the heating zone of the furnace while the substrate (Al2O3) was placed in the downstream side of the heating zone of the furnace. As soon as the system was pumped down, a flow of high purity argon gas (Ar -99.999%) at 100 sccm was introduced into the system for around 20 min to purge the oxygen, moisture or any other residual of the air in the tube. Attaining a stable optimized pressure of 7.0 Torr, the furnace was heated to 550 ̊ C at a rate of 30 ̊ C/min for growing the CsPbBr3 layer and the growth was lasted for 30 min. The furnace was then allowed to cool down naturally to the room temperature. To realize the desired CsPbBr3(1-x) I3x alloy, CsPbI3 was grown in an optimized growth environment on the sapphire substrate that contain the CsPbBr3 microplatelets following the same procedure as mentioned above. Flow of argon, as a carrier gas, was maintained at a standard rate throughout the growth process. At the end of the growth process when the furnace temperature was cooled down to the room temperature, the sample was collected and used for necessary characterizations.
Optical Characterization method
All the optical characterization, including the photoluminescence (PL) spectroscopy and 2D PL intensity mapping and imaging were performed using a functionally extended commercial multiphoton (MP) confocal laser system (TCS SP8, Leica). This confocal MP laser scanning system is combined with a Ti:sapphire femtosecond laser (Mai Tai HP, Spectra-Physics) system, where the laser pulse has a repetition rate and time 
